To clarify the molecular interaction of irinotecan (CPT-11) and oxaliplatin (l-OHP) in combination with 5-fluorouracil (5-FU), the antitumor effects of CPT-11 and l-OHP combined with the oral 5-FU prodrug, S-1 composed by tegafur, gimeracil and potassium oteracil, were investigated on human colon cancer KM12C xenografts sensitive or resistant to 5-FU in nude mice. In parental KM12C tumor xenografts, combined treatment of CPT-11 with oral S-1 significantly augmented the antitumor activity compared with those of CPT-11 and S-1 alone. Interestingly, combined therapy of CPT-11 with S-1 was markedly effective with almost 90% of inhibition of tumor growth on 5-FU-resistant tumors (KM12C/ 5-FU), and its potency likely corresponded to that in parental tumors. In contrast, combined administration of l-OHP with S-1 did not shown an effect on KM12C/5-FU tumor xenografts. To investigate why only CPT-11 potentiated the antitumor activity in combination with 5-FU pro-drugs against 5-FU-resistant colon tumors, the activities or expression levels of thymidylate synthase (TS), ribonucleotide reductase (RNR) and other enzymes in 5-FU-metabolism in both tumors were measured following administration of CPT-11 and/or l-OHP. CPT-11, but not l-OHP, induced a decrease in activities and protein levels of TS and an increase in those of RNR in KM12C/5-FU tumors only, which was likely related to decreased expressions of several proteins in G1/S phase of the cells including CDK4, pRB, and E2F1 in these tumors. These findings suggest that CPT-11, but not l-OHP, would overcome the resistance to 5-FU in combination with 5-FU pro-drugs on 5-FU-resistant colon tumors.
Introduction
Colorectal cancer is the most frequent malignancy in the world and various clinical approaches are attempting to improve response rate and overall survival of patients with advanced colorectal cancer by the combination of cytotoxic drugs and/or addition of molecular targeted agents to cytotoxic regimens.
5-Fluorouracil (5-FU) is a basic drug for the treatment of colorectal cancer and is widely used in combination with leucovorin (LV) in the FU/LV regimen (1-3), oxaliplatin (l-OHP) in the FOLFOX regimen (4, 5) or irinotecan in the FOLFIRI (6) (7) (8) (9) and IFL (10,11) regimens.
5-FU is metabolized to its active form, 5-fluoro-2'-deoxyuridine 5'-monophosphate (FdUMP) to bind and inhibit thymidylate synthase (TS), a rate-limiting enzyme of DNA synthesis, then exerting antitumor activity, however, 5-FU is rapidly degraded to its inactive form in the liver and tumors. To improve the metabolic defects of 5-FU and to further potentiate the antitumor efficacy of 5-FU, several oral prodrugs of 5-FU such as UFT (tegafur-uracil), capecitabine and S-1 have been developed. S-1 is the combined form of 1 molar tegafur, 0.4 molar gimeracil which inhibits dihydropyrimidine dehydrogenase in the liver and tumors, and 1 molar potassium oteracil, an inhibitor of orotate phosphoribosyltransferase to inhibit the phosphorylation of 5-FU in the gastrointestinal tract (12) . S-1 has been reported to obtain a high clinical response in ganstrointestinal cancers (13) (14) (15) .
Recently, the expression of TS, response-limiting enzyme (gene) of 5-FU, has been suggested to influence to clinical outcome such as response rate and survival in cancer patients received 5-FU-based chemotherapy. Salonga et al (16) have reported that colon cancer patients with higher expression levels of TS mRNA in addition of DPD and TP showed a shorter survival time than those with lower expression of TS mRNA after treatment with 5-FU plus LV. Ichikawa et al reported that gastric cancer patients with higher expression level of TS mRNA, but not DPD mRNA did not respond to S-1 chemotherapy (17) . As to the relationship between TS expression in tumors and 5-FU response, Leichman (18) cancer patients with low TS would be likely to benefit from 5-FU/LV therapy, whereas patients whose tumors express high TS levels may benefit from CPT-11. In terms of the combination of 5-FU with CPT-11, there are several reports resulting in augmented or synergistic antitumor activity on colorectal cancer cells in vitro (19) (20) (21) and in vivo (19, 22, 23) , and that this effect is based on potentiated tumoral DNA damage formation. The combination of l-OHP with 5-FU have also been reported to show the synergistic cytotoxicity on colon cancer cells (24, 25) . We developed acquired-resistant colorectal cancer xenografts to 5-FU in vivo following long-term treatment with infusion of 5-FU and characterized in these tumors as an increased TS expression and decreased RNR activity (26) .
We, therefore, sought to determine whether CPT-11 or l-OHP in combination with 5-FU could overcome resistance to 5-FU and whether CPT-11 plays a role in regulating the expression of TS and RNR via the control of cell cyclesignaling proteins in colorectal tumor xenografts with acquired resistance to 5-FU.
Materials and methods
Chemicals. Irinotecan (CPT-11) and oxaliplatin (l-OHP) were obtained from Daiichi Pharmaceutical Co., Ltd., (Tokyo, Japan) and Sinopharm Jiangsu Co., Ltd. (Takao, Taiwan). Tegafur (FT), Gimeracil and potassium oteracil were products from Taiho Pharmaceutical Co., Ltd. S-1 is a combined form of 1 molar FT, 0.4 molar Gimeracil and 1 molar potassium oteracil. [ (27) , and antibodies against cyclin-dependent kinase 4 (CDK-1), phosphorylated retinoblastoma (pRB), E2F1 and ß-actin used were purchased from Santa Cruz Biochemicals Inc. (San Diego, CA).
Tumor xenografts. Human colon tumor KM12C xenografts were obtained from Dr K. Morikawa (Iwamizawa Worker's Comprehensive Hospital, Hokkaido, Japan) and maintained by serial implantation into the right axilla of nude mice at 3-week intervals. KM12C/5-FU tumors resistant to 5-FU were established in our laboratories (26) . Enzyme assay. Parental and its 5-FU-resistant KM12C tumors were homogenized with 3 volumes of 50 mM Tris-HCl (pH 7.6) containing 10 mM 2-mercaptoethanol, 25 mM KCl and 5 mM MgCl 2 , centrifuged at 105,000 x g for 60 min, and the resulting supernatant was used to measure enzyme activity. Enzymes measured in this study were TS, DPD, ribonucleotide reductase (RNR), orotate phosphoribosyltransferase (OPRT), and thymidine phosphorylase (TP). TS was measured by the [6- 3 H]-FdUMP binding assay based on the method of Spears et al (28) . DPD and OPRT activity was determined according to the method of Shirasaka et al (29) using [6- 3 H]-5-FU as the substrate. TP was measured according to the modified method described by Ikenaka et al (30) and Maehara et al (31) . Ribonucleotide reductase activity was determined using [(U)- 14 C]-CDP as the substrate as described previously (26) .
Western blot analysis. Aliquots of the supernatant described above were subjected to Western blot analysis. The supernatant was heated for 2 min in a boiling water bath and loaded on 12.5% polyacrylamide gel. After electrophoresis, the proteins were electrically blotted on the PVDF membrane at 4˚C. The proteins in the membrane were immunochemically detected by the Avidin-Biotin-Complex (ABC) method. In this experiment, anti-hTS monoclonal antibody, anti-CDK4 monoclonal antibody, anti-pRB antibody, anti-E2F1 monoclonal antibody and anti-human ß-actin antibody as primary, and anti-rabbit IgG as secondary antibodies were used, respectively.
Immunostaining. Formalin-fixed, paraffin-embedded tumor tissues were sliced to 4-μm thin sections. The tissue specimen in the slide was then deparaffinized and endo- Figure 1 . Antitumor effects of S-1, CPT-11, and their combination on parental and 5-FU-resistant human colon cancer, KM12C xenografts in nude mice. S-1 (8.3 mg/kg/day) was orally given for 14 consecutive days and CPT-11 (75 mg/kg) was intravenously administered on days 1 and 8, and 14 days after, each relative tumor volume in each treated group was measured and IR of the tumor growth was calculated.
geneous peroxidase was inactivated. After overnight exposure to anti-hPCNA monoclonal antibody (about 1 μg/ml) at 4˚C, the tissue-slide was allowed to react with a reagent containing horseradish peroxidase-labeled dextran-bound anti-rabbit IgG goat polyclonal antibody (Dako Cytomation Co., Ltd., Kyoto, Japan). Colorization with 3,3'-diaminobenzidine of the tissue slide was performed for 5 min at room temperature, and counterstaining was performed by nuclear staining with hematoxylin.
Statistical analysis. The significance of differences between groups with or without treatment was assessed using Dunnett's test and the IUT test.
Results

Antitumor effects of the combination of S-1 with CPT-11 on KM12C tumor xenografts sensitive and resistant to 5-FU.
As shown in Fig. 1 , S-1 alone and CPT-11 alone affected significant antitumor activity with 68 and 77% inhibition rates (IR) of tumor growth, respectively, without decrease in body weight (data not shown), while the combination of S-1 with CPT-11 significantly (p<0.01) augmented the antitumor efficacy with 88% of IR on tumors compared with S-1 alone or CPT-11 alone. In 5-FU-resistant tumor xenografts (KM12C/ 5-FU), the antitumor activity of S-1 was less effective, only 38% of IR while CPT-11 showed 79% of IR. However, the addition of CPT-11 with S-1 markedly and significantly potentiated the antitumor activity of S-1 and CPT-11 (p<0.01). The therapeutic activity of S-1 in combination with CPT-11 in 5-FU-resistant tumors was similar to that in 5-FU-sensitive tumors, suggesting that CPT-11 affects sensitivity (antitumor activity) to 5-FU.
Effect of CPT-11 administration on activities of enzyme activities in 5-FU metabolism.
CPT-11 (75 mg/kg) was administered weekly for 2 weeks in mice bearing KM12C and KM12C/5-FU tumors, and 24 h later, the activity of intratumoral TS, DPD, OPRT, TP and RNR was measured, as shown in Table I . CPT-11 did not affect the activities of any of these enzymes. However, in 5-FU-resistant tumors (KM12C/5-FU), increased TS activity and decreased RNR activity in non-treated group were significantly decreased (p<0.01) and increased (p<0.05), respectively, by CPT-11 administration.
We then gave 75 mg/kg of CPT-11 to KM12C/5-FUbearing mice, and measured TS activity on days 2, 4, 6 and 8. Moderate inhibition of tumoral TS activity (40-50%) persisted for at least one week following single administration of CPT-11. A decrease in TS proteins in the tumors was also seen from day 2 to 8 after administration of CPT-11 (Table II) . ONCOLOGY REPORTS 24: 835-842, 2010 Table I. Effect of CPT-11 administration on activities of 5-FU-metabolizing enzymes in KM12C and KM12C/5-FU human colon tumor xenografts. 
When tumors were about 200 mm 3 , 75 mg/kg CPT-11 and saline as a control were intravenously administered to tumor-bearing mice on day 1 and 8. Twenty-four hours after CPT-11 administration, tumors were removed and homogenized to measure the enzyme activities. Specific activity units of each enzyme are as follows: TS, pmol/mg protein; DPD, OPRT and RNR, pmol/min/mg protein; TP, nmol/min/mg protein. a p<0.01, b p<0.05, significantly different from the control group by Dunnett's test.
- Table II . Time-dependent inhibition of TS activity in KM12C/5-FU tumor xenografts following single administration of 75 mg/kg CPT-11. 
Three weeks after tumor implantation, CPT-11 was once administered to mice bearing KM12C/5-FU tumor xenografts, and 2, 4, 6 and 8 days after, tumors were removed and their TS activity was determined.
-
Expression levels of TS, RNR, and cell cycle-related proteins in KM12C/5-FU tumors. Expression of TS, RNR (M1 and M2), and cell cycle-related proteins such as CDK4, pRB and E2F1 was measured by Western blot analysis in KM12C/ 5-FU tumors (n=3 each) before and after CPT-11 (75 mg/kg x 2) treatment. As shown in Fig. 2 (top column) , downregulation of TS expression in KM12C/5-FU tumors was also confirmed by immunological analysis. As shown in Fig. 3 , the RNRM2 components slightly increased following treatment with CPT-11 whereas the other component RNRM1 hardly changed, which seemed to reflect the increased RNR activity (Table I) .
We detected the expression of representative cell cycleregulating proteins, CDK4, pRB and E2F1 in KM12C/5-FU tumors, both with and without administration of CPT-11. As shown in Fig. 2 , high levels of expression of CDK4 which acts as an initiator for activation of the RB-E2F complex in the G1 cellular phase decreased in KM12C/5-FU tumors treated CPT-11, and activated (free) E2F1 and pRB proteins, which accelerate the initiation of DNA synthesis in the Sphase, were also down-regulated by treatment with CPT-11, suggesting that CPT-11 suppresses the expression of key molecules in the G1/S phase of KM12C/5-FU tumor cells, resulting in the regulation of highly expressed TS proteins in DNA synthesis leading to overcome 5-FU resistance. We therefore immunohistochemically detected the expression of PCNA as a marker protein of the S-phase of the cells, and found a marked decrease of PCNA proteins in CPT-11-treated KM12C/5-FU tumors (Fig. 4) .
Sequential combination of CPT-11 with S-1 in KM12C/5-FUbearing mice.
As CPT-11 down-regulates the overexpressed TS levels in KM12C/5-FU tumor xenografts, we examined sequential administration of CPT-11 and S-1 as a mean to control long-term antitumor efficacy in KM12C/5-FU xenografts in mice. For this, CPT-11 was administered on days 1 and 8 and sequential S-1 was given orally for 14 days starting from day 8. S-1 alone and CPT-11 alone were administered by the same schedule shown in Fig. 1 as comparative controls.
As seen in Fig. 5 , the antitumor activity of CPT-11 gradually declined from 81% on day 22 to 41% of IR on day 36, and S-1 showed less antitumor activity with about 30-36% of IR during the 36 day therapeutic period. In contrast, sequential treatment with CPT-11 followed S-1 gave a persistent growth-inhibitory activity on 5-FU-resistant tumors with 96-70% of IR throughout the therapeutic periods.
Antitumor effect of l-OHP plus S-1 on colon cancer xenografts sensitive and resistant to 5-FU.
Based on the finding that CPT-11 augmented the antitumor activity in combination with S-1 against 5-FU-resistant colon tumor xenogragfts, we investigated whether l-OHP (10 mg/kg x 2) also overcome the resistance to 5-FU in KM12C/5-FU tumor xenografts. In parental KM12C tumor-bearing mice, l-OHP did not show antitumor activity by itself, but showed a significant (p<0.0013) potentiated antitumor activity (80% of IR) in combination with S-1, compared to about 70% of IR with S-1 alone. However, l-OHP did not augment the antitumor actitivy of S-1 agains 5-FU-resistant KM12C/5-FU tumor xenografts (Fig. 6 ). This result suggests that l-OHP may not overcome the resistance to 5-FU on 5-FU-resistant colon cancers.
We evaluated the change of TS and other enzyme activities in pyrimidine metabolism in both parental and 5-FU-resistant KM12C colon tumors following administration of l-OHP (10 mg/kg x 2). As seen in Table III , treatment with l-OHP Figure 2 . Expression levels of TS, CDK4, p-RB, E2F1, and ß-actin in kM12C/5FU tumors treated with or without CPT-11. CPT-11 (75 mg/kg) was injected twice weekly to tumor-bearing mice, and 24 h after, tumors were removed and expressions of various proteins relating to cell-signaling were detected. did not affect the activity of TS, OPRT, TP and RNR in both parental and 5-FU-resistant tumor, indicating that l-OHP would not improve 5-FU sensitivity via down-regulation of highly expressed TS levels.
Discussion
S-1, a novel oral fluoropyrimidine we developed, consists of 1 mol of tegafur, 0.4 mol of gimeracil which inhibits DPD activity, and 1 mol of oteracil which is an inhibitor of orotate phosphoribosyltransferase resulting in reduction of severe gastrointestinal toxicities. S-1 has been shown to be highly active on human tumor xenografts (32, 33) and gastric cancer patients (34,35) with higher expression levels of tumoral DPD. Accordingly, low antitumor sensitivity of 5-FU caused by tumoral DPD would be overcome by S-1, i.e. DPDinhibitory fluoropyrimidine (DIF).
Leichman (17) reported that colorectal carcinoma patients with low TS, another response-limiting factor, would be likely to benefit from 5-FU/LV therapy, whereas those with tumors expressing high TS levels might benefit from CPT-11. Furthermore, Guichard et al (19) , Pavillard et al (20) and Mans et al (21) in their in vitro studies, and Cao et al (22) and Satoh et al (23) in their in vivo animal studies indicated that combined treatment of 5-FU and CPT-11 resulted in augmented antitumor activity compared with either 5-FU or CPT-11 alone. However, none of these reports discussed whether the expression levels of tumoral TS influenced antitumor efficacy.
There may be 2 types of high expression of TS; one being originally high levels and other is elevated levels after 5-FU treatment. S-1 obtained no response in gastric cancer patients with originally high levels of TS mRNA, however, S-1 in combination with CPT-11 obtained a similar clinical response (response rate and survival) in patients with not only low levels but also high levels of TS mRNA (34, 35) . Nevertheless, it is uncertain whether the combination of S-1 with CTP-11 results in overcoming antitumor activity in 5-FU-resistant colorectal carcinoma showing highly elevated levels of TS in both animal and clinical studies.
In the present study, we used 5-FU-resistant human colorectal cancer xenografts with highly elevated TS levels after long-term and consecutive administration of 5-FU for at least 2 years (26) combined therapy with S-1 and CPT-11. The combination of TS-1 with CPT-11 resulted in significantly augmented antitumor effect on parental KM12C colorectal cancer xenografts compared with either S-1 alone or CPT-11 alone. Interestingly, this combination on 5-FU-resistant KM12C xenografts (KM12C/5FU) also yielded antitumor activity similar to that on parental tumors while S-1 alone obtain less effect on 5-FU-resistant tumors (Fig. 1) . We therefore, measured activities of pyrimidine-metabolizing enzymes including TS, RNR and DPD in both KM12C and KM12C/ 5-FU tumors after administration of CPT-11 on days 1 and 8. In a previous study (26) , we reported marked increase of TS activity and decreased RNR activity in KM12C/5-FU tumors. We found that administration of CPT-11 resulted in both a significant decrease of originally elevated TS activity and an increase of down-regulated RNR activity in 5-FU-resistant KM12C tumors following administration of CPT-11, suggesting that down-regulation of TS activity and up-regulation of RNR activity leads to the augmented antitumor activity of 5-FU in 5-FU-resistant tumors (Table I) . Western blot analysis also confirmed a significant decrease in TS proteins in KM12C/5-FU tumors following administration of CPT-11 (Table II and Fig. 2) . RNR is composed of M1 and M2 subunits and exhibits activity when both M1 and M2 are conjugated. We checked the expression of both M1 and M2 proteins in KM12C/5-FU tumors treated with CPT-11 or not and found possibly increased expression of M2 proteins but not M1 proteins in the tumors treated with CPT-11. It has been suggested that when cells are damaged by anti-tumor agents, the P53-dependent M2 subunit known as P53R2 is induced to restore the damaged DNA in drug-treated cells (36) . It has not yet been possible to distinguish between RNR M2 and P53R2 proteins because both anti-RNRM2 and anti-P53R2 antibodies recognize the same 50-kDa proteins.
To further investigate the mechanism for down-regulation of elevated TS levels and up-regulation of decreased RNR levels, CDK4, one of the key cell cycle signaling proteins, and free E2F1 and phosphorylated RB (pRB) which plays an important role in regulation of the expression of S-phase proteins related to DNA synthesis in cancer cells were detected in KM12C/5-FU tumors treated with CPT-11 or not. The expression of CDK4, E2F1 and pRB proteins coordinating the transition from the G1 phase to the S phase of cancer cells clearly decreased following treatment with CPT-11. This phenomenon suggests that in 5-FU-resistant KM12C cells, highly expressed cyclin-D1 (data not shown) and CDK4 activate the F2F-RB complex to form free E2F1 and pRB proteins at the G1 phase, which causes an upregulation of TS protein functioning at the S-phase in tumor cells, and that the inhibition of DNA topoisomerase by CPT-11 possibly regulates the transition of the G1 phase to the S-phase in KM12C/5-FU cells, and TS protein, as a target for 5-FU therapy, is subsequently down-regulated in 5-FU-resistant colorectal cancer cells.
As CPT-11 overcomes the resistance to 5-FU and gives a synergistic antitumor efficacy in the combination of the 5-FU prodrug, we examined the antitumor effect of sequential combination of CPT-11 followed S-1. As shown in Fig. 5 , sequential administration of CPT-11 (weekly x 2) following oral S-1 (14 consecutive days) controlled the growth of KM12C/5-FU tumors for long-term periods compared with either CPT-11 alone or S-1 alone. Accordingly, sequential chemotherapy of CPT-11 following 5-FU and its derivatives may be one of treatment options for colorectal cancer patients failed to initial treatment with 5-FU/LV or FOLFOX therapy.
We also checked the antitumor effect of the combination of l-OHP with oral S-1 on 5-FU-resistant colorectal cancer (KM12C/5-FU) xenografts. Unfortunately, l-OHP did not overcome the resistance to 5-FU even in combination with S-1 did not suppress TS levels overexpressed in the 5-FUresistant tumors. Combination therapy of l-OHP with fluoropyrimidines such as FLOX and FOLFOX seems to be effective for the treatment of colorectal cancer patients with low expression levels of TS.
Unlike our in vivo results, Yeh et al (37) reported that l-OHP down-regulated TS mRNA levels in their in vitro study using human colorectal cancer DLD-1 cells. Though we measured the expression levels of TS mRNA in both parental and 5-FU-resistant KM12C tumors before and after i.v. administration of l-OHP, there were no changes of Table III . Effect of l-OHP administration on activities of 5-FU-metabolizing enzymes in KM12C and KM12C/5-FU human colon tumor xenografts.
-----------------------------------------------------------------------------------------------------KM12C (n=5) KM12C/5-FU (n=5) ----------------------------------------------------------------------Enzyme
Control group l-OHP group 
Control group l-OHP group ----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
When tumors were about 300 mm 3 , 10 mg/kg l-OHP and saline as a control were intravenously administered to tumor-bearing mice on day 1 and 8. Twenty-four hours after l-OHP administration, tumors were removed and homogenized to measure the enzyme activities. Specific activity units of each enzyme are as follows: TS, pmol/mg protein; DPD, OPRT and RNR, pmol/min/mg protein; TP, nmol/min/mg protein. a p<0.05, significantly different from the control group by Dunnett's test.
TS mRNA levels following treatment with l-OHP (data not shown). As they did not check the expression levels of TS protein in the cells before and after 24-h treatment with 10 μM l-OHP, it is not possible to compare with our data.
Although alternative treatment with oxaliplatin-based and irinotecan-based regimens is at present thought to be first-and second-line therapy for advanced and metastatic colorectal cancer patients, not only combined use of highexpensive monoclonal antibodies in cytotoxic regimens such as FOLFOX and FOLFIRI but also biomarker-guided sequential treatment with cytotoxic regimens described in the present study should be considered to prolong survival in colorectal cancer patients.
